Background {#Sec1}
==========

Glioblastoma is the most common and aggressive tumor of the nervous system. Despite intensive treatment with combined multiagent chemotherapy and surgery, patients generally show poor prognosis and incurable relapse of the disease \[[@CR1]--[@CR3]\]. The median survival time of patients with glioblastoma is short, at approximately 14.6 months \[[@CR4], [@CR5]\]. Therefore, effective identification and development of novel molecular approaches to the diagnosis, treatment and prognosis of patients with glioblastoma remain urgent clinical requirements.

The tripartite motif-containing (TRIM) family proteins are defined by a conserved domain architecture composed of three zinc-binding regions: a RING finger, one or two B-boxes, and a coiled-coil domain. Accumulating evidence indicates that TRIM family proteins play important roles in various physiological processes, including cell proliferation, migration, invasion, apoptosis and differentiation, and the cell cycle \[[@CR6]--[@CR8]\]. TRIM14, which is located at chromosome 9q22, is a member of the TRIM family and was first discovered as being overexpressed in HIV-infected human and simian lymphomas by subtractive hybridization \[[@CR9]--[@CR11]\]. Subsequent studies revealed that TRIM14 may undergo amplification in tongue squamous cell carcinoma and non-small cell lung cancer cells \[[@CR12], [@CR13]\]. Later, researches of TRIM14 in a wide variety of tumor were also reported. TRIM14 promotes the migration and invasion of gastric cancer \[[@CR14]\].

TRIM14 promotes breast cancer cell proliferation by inhibiting apoptosis \[[@CR15]\]. TRIM14 regulates cell proliferation and invasion in osteosarcoma via promotion of the AKT signaling pathway \[[@CR16]\].However, the expression levels and biological functions of TRIM14 in glioblastoma remain to be elucidated.

Epithelial--mesenchymal transition (EMT) is a key process that occurs during the development of organisms and the progression of epithelial tumors to metastatic cancers \[[@CR17], [@CR18]\]. EMT involves disruption of the cytoskeleton, intercellular adhesions and normal expression of transcriptional factors, and may be an important factor contributing to glioblastoma tumorigenesis, metastasis, and chemotherapy resistance \[[@CR19]--[@CR23]\]. EMT is driven by a network of embryonic EMT-inducing transcription factors (EMT-TFs), which include members of several protein families such as ZEB1, Snial1, Slug, and Twist1, \[[@CR24]--[@CR28]\]. Growing evidence has revealed that EMT-TFs play critical roles, directly or indirectly, in embryogenesis and cancer initiation and progression \[[@CR29]--[@CR31]\]. Moreover, EMT is regulated by several key transcription factors, which in the structures of zinc finger protein and basic helix-loop-helix (bHLH), including ZEB family members \[[@CR25]\]. However, the complex molecular network and various mechanistic steps involved in these effects remain ambiguous. Here, we identified upregulation of TRIM14 in glioblastoma tissues and cell lines, and found that ectopic TRIM14 expression induced glioblastoma cell invasion and migration. Furthermore, we found that deletion of TRIM14 suppressed zinc finger E-box binding homeobox 2 (ZEB2) levels post-translationally through effects on the ubiquitin--proteasome pathway. ZEB2 (also known as SIP1) is a member of the ZEB family of 2-handed zinc finger/homeodomain proteins \[[@CR32]\]. Recent reports highlighted that ZEB2 is closely related to EMT, thus suggesting that ZEB2 is a key factor in promoting tumor initiation and development \[[@CR33]--[@CR35]\]. Our data demonstrate that TRIM14 functions as a novel regulator of EMT by controlling the abundance of the key transcription factor ZEB2.

Methods {#Sec2}
=======

Human tissue samples {#Sec3}
--------------------

Fifty two GBM tissue specimens were obtained by the Department of Neurosurgery, the First Affiliated Hospital of Nanjing Medical University. Ten normal brain tissues were collected as a negative control from patients undergoing decompressive craniotomy for traumatic brain injury in the First Affiliated Hospital of Nanjing Medical University. The histological features of all the specimens were identified by pathologists according to the WHO criteria. All patients gave written informed consent for the studies before surgery excision. This study was approved by the institutional review board and the ethics committee of Nanjing Medical University, and written informed consent was obtained from all patients.

Cell culture and reagents {#Sec4}
-------------------------

The human GBM cell lines LN229, A172, LN229, U118 were purchased from the American Type Culture Collection (ATCC). The human GBM cell lines U251 and T98G were obtained from RIKEN bioresource center (Tsukuba, Japan). To maintain authenticity of the cell lines, frozen stocks were prepared from initial stocks, and every 3 months, a new frozen stock was used for the experiments. For each experiment, GBM cells were sustained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Sodium pyruvate, nonessential amino acids, L-glutamine, and a vitamin solution. NHAs were purchased from Lonza (Walkersville, MD) and maintained following the manufacturer's instructions.

ShTRIM14, shCtrl, shZEB2, pLVGFP- TRIM14 and pLVGFP- TRIM14 vector were purchased from GenePharma (Shanghai, China). All the plasmids were transfected into cells grown in DMEM culture media using Lipofectamine 3000 Transfection Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.

RNA extraction and qRT-PCR analysis {#Sec5}
-----------------------------------

The total RNA from cell or tissues lines was was extracted using TRIzol Reagent (Invitrogen) following the manufacturer's protocol. qRT- PCR was performed using an Applied Biosystems 7900 Sequence Detection system. First-strand cDNA was synthesized using the Primerscript RT Master Mix (TaKaRa). Primers used in qRT-PCR experiments were as follows: Tripartite motif-containing 14 (TRIM14): 5′-GCAGAAACTCAGCCAAGAA-3′ and 5′-CTTGACTCTGCATTAGCCT-3′, Zinc finger E-box binding homeobox 2 (ZEB2): 5′-GGCGCAAACAAGCCAATCCCA-3′ and 5′-TTCACTGGACCATCTACAGAGGCTT-3′, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA was also amplified in the same PCR reactions as an internal control using the primers 5'-TGCACCACCAACTGCTTAGC-3′ and 5'-GGCATGGACTGTGGTCATGAG-3′. Relative gene expression was calculated via 2^-ΔΔC^~t~ method.

Western blotting assay {#Sec6}
----------------------

Western blotting assay was performed as previously described. Briefly, cells were lysed in RIPA buffer.Protein concentrations were detected with the BCA protein assay (Pierce, Waltham, MA, USA), and equal amounts of protein (20μg) were separated by 10% SDS-PAGE followed by electro-transfer onto a polyvinylidene difluoridemembrane (PVDF, Millipore, MA, USA). The membranes were blocked for 2h with 5% nonfat milk and then incubated at room temperature with primary antibodies. After extensive wash in TBS-Tween (3 × 5 min), the membrane was incubated with a horseradish peroxidase-conjugated secondary antibody directed to the correct primary antibody species. The bound antibody complexes were detected by using the enhanced chemiluminescence method (Amersham Biosciences, Uppsala, Sweden). After detection, the membrane is stripped in stripping buffer, and re-blotted for β-actin. The signal of β-actin was used as an internal control to normalize the band intensity. Digitized band signal was generated by a scanner (Microtek 9800XL), and analyzed using NIH Image J. The following antibodies used in this study were purchased from Abcam: TRIM14 (ab185349), N-cadherin (ab18203), E-cadherin (ab1416), Vimentin (ab8978), Snail1 (ab53519), Twist1 (ab50581), ZEB1 (ab203829), SLUG (ab27568), Anti-Myc(ab32), Anti-Flag (ab1238) and β-actin (ab8227). ZEB2 (NBP1--82991) was purchased from Novus. HA (\#3724) was purchased from CST.

Invasion assay {#Sec7}
--------------

Invasion capacity was assessed using 24-well BD Matrigel invasion chambers (BD Biosciences) according to the manufacturer's instructions. 2 × 10^4^ cells were seeded in the upper well of the invasion chamber in DMEM without serum. The lower chamber well contained DMEM supplemented with 10% FBS to stimulate invasion. After incubation for 24 h, non-invading cells were removed from the top well with a cotton swab while the bottom cells were fixed with 100% methanol, and stained with 0.1% crystal violet, and photographed in three independent 10× magnification fields.capacity.

Wound healing assay {#Sec8}
-------------------

About 3 × 10^5^ cells were seeded in 6-well dishes and an incision was made in the central area of the confluent culture to create an artificial wound. Images of the wound area were captured by microscope (Leica, Wetzlar, Germany) 24 h after injury. Cells grown into the scratched center area were manually counted.

3D spheroid BME cell invasion assays {#Sec9}
------------------------------------

Established cell lines and the transfected were cultured to 70% confluence. Cells were seeded at a 0.2 × 10^5^ cells/ml density in 96-well ultralow adherence plates (\#7007, Costar). Over the course of 96 h these cells were induced to aggregate into a multicellular spheroid with an estimated density of 2000 cells and then matrigel was added into wells. After 48 h, motion of cells was confirmed as fully formed under light microscopy.

IHC assay {#Sec10}
---------

The IHC assay was conducted on human GBM tissue. Fresh human GBM tissue were under cryopreservation and processed into frozen sections. Five-micronthick sections were immunohistochemical staining with streptavidin-biotin immunoperoxidase assay was performed using special antibodies against TRIM14 and ZEB2. Slides were imaged under a light microscope (Leica, German) at 200 or 400 × magnification.

Orthotopic xenograft studies {#Sec11}
----------------------------

Orthotopic xenograft experiments were approved by the Animal Management Rule of the Chinese Ministry of Health(documentation 55, 2001). LN229 cells (2 × 10^6^) transfected with shCtrl and shTRIM14 were subcutaneously injected into 36-day-old male nude mice (Cancer Institute of the Chinese Academy of Medical Science). 10 days after injection, the tumor was visible. And within 8 weeks, all the male nude mice were sacrificed and the tumor tissues were excised and frozen immediately at − 80°C for further study.

Statistical analysis {#Sec12}
--------------------

Data were analyzed via one-way analysis of variance (ANOVA) for multiple group comparisons and two tailed student's *t*-tests for two-group comparisons after passed normality test. Mann-Whitney non-parametric test was used when data did not follow normal distribution. Statistics was conducted using SPSS 13.0 soft package. Differences were considered statistically significant at *p* \< 0.05.

Results {#Sec13}
=======

TRIM14 levels are increased in glioblastoma tissues {#Sec14}
---------------------------------------------------

To investigate the potential function of TRIM14 in glioblastoma, we analyzed TRIM14 in samples from a cohort of 62 patients, including 10 normal brain tissue samples and 52 glioblastoma samples of different grades, by quantitative reverse transcription PCR (qRT-PCR). As shown in Fig. [1](#Fig1){ref-type="fig"}a, there was a marked positive correlation between TRIM14 expression and patient clinical grade. Next, we assessed TRIM14 protein levels in glioblastomas of different grades by western blotting (Fig. [1](#Fig1){ref-type="fig"}b). The results were consistent with those of qRT-PCR. We also compared the TRIM14 protein levels in these primary glioblastoma tissues with those in paired normal brain tissues by western blotting, and found that TRIM14 expression was considerably upregulated in glioblastomas compared with normal brain tissue (Fig. [1](#Fig1){ref-type="fig"}c). Next, we analyzed TRIM14 levels in normal human astrocytes (control) and six glioma cell lines (U87, U251, U118, LN229, T98G and HS683) using qRT-PCR. All six glioblastoma cell lines exhibited significantly higher TRIM14 mRNA expression than the normal human astrocytes, and TRIM14 was particularly highly expressed in LN229 and U251 cells (Fig. [1](#Fig1){ref-type="fig"}d). Immunohistochemistry assays indicated that TRIM14 expression was lowest in normal tissues and gradually upregulated as glioma malignancy grade increased(Fig. [1](#Fig1){ref-type="fig"}e). To further determine whether the high TRIM14 expression level was a universal phenomenon in glioblastoma patients, we analyzed TRIM14 expression in glioblastoma specimens and normal brain tissues using three datasets: TCGA, REMBRANDT, and GEO (GSE16011). As shown in Additional file [1](#MOESM1){ref-type="media"}: Figure S1A, TRIM14 expression levels were consistently increased in glioblastoma specimens compared with normal brain tissues in all three of these individual databases (REMBRANDT *P* \< 0.0001; GSE16011 *P* = 0.0106; TCGA *P* \< 0.0001). The dramatic upregulation of TRIM14 in glioblastoma tissues led us to consider whether TRIM14 expression might correlate closely with glioblastoma patient prognosis. We therefore conducted Kaplan--Meier survival analysis using the data from the three databases. We found that patients with low TRIM14 levels exhibited much longer overall survival than those with high TRIM14 expression levels (Additional file [1](#MOESM1){ref-type="media"}: Figure S1B, REMBRANDT *P* = 0.0469; GSE16011 *P* = 0.0340; TCGA *P* = 0.0489). This suggests that TRIM14 could be used as a prognostic biomarker in patients with glioblastoma. Taken together, these results suggest that TRIM14 is increased in both glioblastoma tissues from patients and in cell lines, compared with normal brain tissues and cells, and may play a vital role in tumorigenesis and malignancy.Fig. 1TRIM14 is increased in GBM tissues and cell lines. **a** Comparison of TRIM14 levels between normal brain tissues (NBT) and different grade glioblastoma specimens using qRT-PCR analysis. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001. **b** Western blot analysis of TRIM14 protein expression in different grade glioblastoma tissue and normal brain tissue. **c** Western blotting analysis of TRIM14 protein in 6 GBM samples and matched normal tissues. (*N* = normal tissues,T = GBM) (**d**) qPCR analysis of TRIM14 expression in 6 glioma cell lines as well as NHA controls. 6 cell lines show significantly increased TRIM14 protein levels. \**p* \< 0.05; \*\*\**p* \< 0.001, *n* = 3 experiments. **e** The expression of TRIM14 is tested in normal brain tissues and glioma tissues (I-IV grade) from Jiangsu Province Hospital by Immunohistochemistry

Reduced TRIM14 expression suppresses tumor invasion and migration {#Sec15}
-----------------------------------------------------------------

To further investigate the effect of TRIM14 on the tumorigenesis and malignancy of human glioblastoma cells, we performed in vitro loss-of-function analysis by knocking down TRIM14 with two short hairpin RNA (shRNA) targeting TRIM14 (shTRIM14) in two glioblastoma cell lines. To confirm the knockdown efficiency, western blot analysis was performed; this verified that TRIM14 protein levels were remarkably decreased in both LN229 and U251 cells transfected with shTRIM14 compared with those transfected with a scrambled control shRNA. Furthermore, we found that in both LN229 and U251 cells, TRIM14 knockdown significantly increased levels of the epithelial biomarker E-cadherin, and simultaneously decreased levels of the mesenchymal biomarkers N-cadherin and Vimentin (Fig. [2](#Fig2){ref-type="fig"}a). A transwell invasion cassay was conducted to investigate the influence of TRIM14 on invasion and migration ability in glioblastoma. Silencing TRIM14 expression by shRNA significantly reduced LN229 and U251 cell invasiveness (\*\*\**p* \< 0.001, *n* = 3, Fig. [2](#Fig2){ref-type="fig"}b). Next, a wound healing assay was performed using shTRIM14-transfected LN229 and U251 cells, and corresponding control cells. Knockdown of TRIM14 markedly suppressed the migration of LN229 and U251 cells into the scratch-wounded area (\*\*\**p* \< 0.001, *n* = 3, Fig. [2](#Fig2){ref-type="fig"}c), and the statistical data was in Fig. [2](#Fig2){ref-type="fig"}d. Moreover, this conclusion was confirmed by 3D spheroid BME cell invasion assays (\*\*\**p* \< 0.001, *n* = 3, Fig. [2](#Fig2){ref-type="fig"}e and f). Further, we evaluate the effect of TRIM14 inhibition on proliferation by CCK-8 assays and colony formation assays. As shown in Additional file [2](#MOESM2){ref-type="media"}: Figure S2A and B(\*\*\**p* \< 0.001, *n* = 3), although downregulating TRIM14 by two shTRIM14 showed no statistical influence on cell proliferation in the first three days, but significantly reduced cell proliferation of LN229 and U251 cell after 5 days, indicating that TRIM14 also had potential abilities to promote the glioma cell growth(\*\*\**p* \< 0.001, *n* = 3, Additional file [2](#MOESM2){ref-type="media"}: Figure S2B). Collectively, these results indicate that TRIM14 enhances invasion and migration of glioblastoma cancer cells by promoting EMT.Fig. 2TRIM14 increases migration/invasion in GBM cells by EMT. **a** Western blot analysis of TRIM14, N-cadherin, E-cadherin and Vimentin in LN229 and U251 cells transduced with shTRIM14--1, shTRIM14--2 or control shRNA. Equal loading is confirmed by β-actin levels. **b** Representative images of transwell invasion assay using LN229 and U251 cells transfected with the indicated shRNA. Quantification of transwell invasion assay is shown. \*\*\**p* \< 0.001; *n* = 3 experiment. **c**-**d** Representative images of wound healing assay using LN229 and U251 cells with the indicated shRNA. Quantification of wound healing assay is shown. \*\*\**p* \< 0.001, *n* = 3 experiments. **e**-**f** Representative images of 3D spheroid BME cell invasion assays using LN229 and U251 cells with the indicated shRNA. Quantification of 3D spheroid BME cell invasion assays is shown. \*\*\**p* \< 0.001, *n* = 3 experiments

Exogenous TRIM14 expression promotes tumor invasion and migration {#Sec16}
-----------------------------------------------------------------

Next, two glioma cell lines, HS683 and U87, were selected to investigate malignant phenotypic changes following TRIM14 overexpression. HS683 and U87 glioma cell lines were transduced with a lentivirus carrying TRIM14 to form stable TRIM14-overexpressing cell lines. Western blot analysis showed that TRIM14-overexpressing significantly increased levels of the mesenchymal biomarkers N-cadherin and Vimentin, and levels of the epithelial biomarker E-cadherin were remarkably decreased(Fig. [3](#Fig3){ref-type="fig"}a). We performed transwell invasion assay and wound healing assay after transfecting cells. We detected significant promoting effects on the invasion and migration of HS683 and U87 cells lines(\*\*\**p* \< 0.001, *n* = 3, Fig. [3](#Fig3){ref-type="fig"}b and c). The statistical results were shown in Fig. [3](#Fig3){ref-type="fig"}b and d. Further, when we used 3D spheroid BME cell invasion assays to evaluate the effect of TRIM14 on invasion, the results were similar to those acquired using the transwell invasion assays and wound healing assays(\*\*\**p* \< 0.001, *n* = 3, Fig. [3](#Fig3){ref-type="fig"}e and f). CCK-8 assays and Colony formation assays were performed after transfecting with the lentivirus(\*\*\**p* \< 0.001, *n* = 3, Additional file [2](#MOESM2){ref-type="media"}: Figure S2C and D). We detected significant promoting effects on the viabilities of HS683 and U87 cells compared with the controls. Taken together, these data demonstrated that TRIM14 mediates glioma cell EMT processes and proliferation.Fig. 3TRIM14 overexpression promotes migration/invasion in glioma cells by EMT. **a** Western blot analysis of TRIM14, N-cadherin, E-cadherin and Vimentin in HS683 and U87 cells transduced with vector or TRIM14. Equal loading is confirmed by β-actin levels. **b** Representative images of transwell invasion assay using HS683 and U87 cells transfected with vector or TRIM14. Quantification of transwell invasion assay is shown. \*\*\**p* \< 0.001; *n* = 3 experiment. **c**-**d** Representative images of wound healing assay using HS683 and U87 cells with vector or TRIM14. Quantification of wound healing assay is shown. \*\*\**p* \< 0.001, *n* = 3 experiments. **e**-**f** Representative images of 3D spheroid BME cell invasion assays using HS683 and U87 cells with vector or TRIM14. Quantification of 3D spheroid BME cell invasion assays is shown. \*\*\**p* \< 0.001, *n* = 3 experiments

ZEB2 inhibition is involved in the TRIM14 knockdown-induced reduction in invasion and migration ability {#Sec17}
-------------------------------------------------------------------------------------------------------

To explore the TRIM14-independent mechanisms underlying the increased invasiveness and migration, we used LN229 and U251 cells to evaluate whether TRIM14 knockdown affected the EMT-inducing transcription factors Snail1, Twist1, ZEB1, ZEB2 and SLUG, which are known to play a role in EMT and tumorigenesis After TRIM14 was knocked down in both LN229 and U251 cell lines with two shRNAs, only ZEB2 levels were markedly decreased (Fig. [4](#Fig4){ref-type="fig"}a). This led us to hypothesize that the effects of TRIM14 on EMT were dependent on ZEB2. In cells in which TRIM14 expression was silenced, the alterations in EMT biomarkers were reversed by ZEB2 overexpression (Fig. [4](#Fig4){ref-type="fig"}b). We also conducted wound healing assays and transwell invasion assays to demonstrate the function of ZEB2 in TRIM14-independent invasion and migration. Importantly, we found that upregulation of ZEB2 completely restored the invasive capacity of LN229 and U251 cells inhibited by shTRIM14 (\*\*\**p* \< 0.001, *n* = 3, Fig. [4](#Fig4){ref-type="fig"}c and d). This was consistent with the results of 3D spheroid BME cell invasion assays ((\*\*\**p* \< 0.001, *n* = 3, Fig. [4](#Fig4){ref-type="fig"}e). For further exploration the relationship of ZEB2 and TRIM14, we detected the changes after overexpressing TRIM14 in HS683 and U87 cells line. Western blot analysis showed that ZEB2 was increased after TRIM14 overexpressing (Fig. [5](#Fig5){ref-type="fig"}a), but other EMT-inducing transcription factors showed no change. And the EMT biomarkers altered by exogenous TRIM14 expression were reversed after ZEB2 inhibition by shZEB2 (Fig. [5](#Fig5){ref-type="fig"}b). In line with those properties, TRIM14 significantly promoted cell invasion and migration in HS683 and U87 while ZEB2 inhibition significantly reversed this experimental phenomena by using wound healing assays and transwell invasion assays (\*\*\**p* \< 0.001, *n* = 3, Fig. [5](#Fig5){ref-type="fig"}c and d). In addition, 3D spheroid BME cell invasion assays also showed the increased ability of invasion and migration by ectopical expression of TRIM14 were reversed after transfected with shZEB2 (\*\*\**p* \< 0.001, *n* = 3, Fig. [5](#Fig5){ref-type="fig"}e). These findings further support the possibility that ZEB2 might be a downstream and direct functional target of TRIM14.Fig. 4ZEB2 is a downstream target of TRIM14. **a** Western blot analysis of TRIM14, EMT related biomarks (Snail1, Twist1, ZEB1, ZEB2 and SLUG), and β-actin in LN229 and U251 cells transfected with shTRIM14--1, shTRIM14--2 or control shRNA. **b** Western blot analysis of TRIM14, N-cadherin, E-cadherin, Vimentin and β-actin in LN229 and U251 cells transduced with the indicated plasmid. **c** Representative images of transwell invasion assay using LN229 and U251 cells transfected with the indicated plasmid. Quantification of transwell invasion assay is shown. \*\*\**p* \< 0.001; *n* = 3 experiment. **d** Representative images of wound healing assay using LN229 and U251 cells with the indicated plasmid. Quantification of wound healing assay is shown. \*\*\**p* \< 0.001, *n* = 3 experiments. **e** Representative images of 3D spheroid BME cell invasion assays using LN229 and U251 cells with the indicated plasmid. Quantification of 3D spheroid BME cell invasion assays is shown. \*\*\**p* \< 0.001, *n* = 3 experimentsFig. 5ZEB2 is involved in the function of TRIM14. **a** Western blot analysis of TRIM14, EMT related biomarks (Snail1, Twist1, ZEB1, ZEB2 and SLUG), and β-actin in HS683 and U87 cells transfected with vector or TRIM14. **b** Western blot analysis of TRIM14, N-cadherin, E-cadherin, Vimentin and β-actin in HS683 and U87 cells transduced with the indicated plasmid. **c** Representative images of transwell invasion assay using HS683 and U87 cells transfected with the indicated plasmid. Quantification of transwell invasion assay is shown. \*\*\**p* \< 0.001; *n* = 3 experiment. **d** Representative images of wound healing assay using HS683 and U87 cells with the indicated plasmid. Quantification of wound healing assay is shown. \*\*\**p* \< 0.001, *n* = 3 experiments. **e** Representative images of 3D spheroid BME cell invasion assays using HS683 and U87 cells with the indicated plasmid. Quantification of 3D spheroid BME cell invasion assays is shown. \*\*\**p* \< 0.001, *n* = 3 experiments

Reduced TRIM14 expression correlates with ZEB2 polyubiquitination and proteasomal degradation {#Sec18}
---------------------------------------------------------------------------------------------

Next, we explored how TRIM14 affects ZEB2 expression. We identified no obvious differences in ZEB2 mRNA expression between control cells and cells with TRIM14 knocked down (\*\*\**p* \< 0.001, *n* = 3, Fig. [6](#Fig6){ref-type="fig"}a). This ruled out the possibility that TRIM14 regulates ZEB2 expression at the mRNA level, and suggested that it might affect ZEB2 protein stability. Addition of the proteasome inhibitor MG132 reversed the decrease in ZEB2 levels after TRIM14 depletion (Fig. [6](#Fig6){ref-type="fig"}b). We next examined the effect of TRIM14 depletion on the stability of endogenous ZEB2 protein in the presence of cycloheximide, an inhibitor of protein translation. Short- and long-duration exposures of ZEB2 protein by western blotting showed that ZEB2 was degraded more rapidly in TRIM14-knockdown cells compared with control cells (\*\*\**p* \< 0.001, *n* = 3, Fig. [6](#Fig6){ref-type="fig"}c). Quantification of the bands on the western blots revealed a rapid decline in ZEB2 levels after TRIM14 depletion by small interfering RNA targeting TRIM14.Fig. 6Depletion of TRIM14 increased ZEB2 polyubiquitination and proteasomal degradation. **a** qTR-PCR analysis of TRIM14 and ZEB2 mRNA level in LN229 and U251 cells after TRIM14 knowdown by shTRIM14. Depletion of TRIM14 does not alter ZEB2 mRNA. \*\*\**p* \< 0.001, *n* = 3 experiments. **b** Western blot analysis of TRIM14, ZEB2 and β-actin in LN229 and U251 cells transduced with the indicated shRNA in the absence or presence of 10μM MG132. **c** LN229 and U251 cells transfected with shTRIM14 were treated with cycloheximide (100μg/ml, pretreated for 15 min and for varying durations), and collected at the indicated times for western blot. Quantification of ZEB2 expression relative to β-actin is shown. Results are shown as mean ± standard deviation. *n* = 3 independent experiments. \*\*\*, *P* \< 0.001, two-way ANOVA test. **d** LN229 and U251 cells transfected with HA-UB and the indicated shRNA were treated with MG132 for 8 h before harvest. ZEB2 was immunoprecipitated with anti-ZEB2 antibody and immunoblotted with anti-HA antibody. **e** LN229 and U251 cells were transduced with the indicated shRNA for 48 h, treated with the proteasome inhibitor MG132 for 6 h, and then subjected to analysis of ZEB2 ubiquitination and IB analyses. **f** HS683 and U87 cells were transduced with the Myc-TRIM14, Flag-FBXO45 or vector control for 48 h, treated with the proteasome inhibitor MG132 for 6 h, and then subjected to analysis of ZEB2 ubiquitination and IB analyses

Ubiquitin is a crucial post-translational modification involved in proteasomal degradation. The stability of ZEB family members is known to be regulated by the ubiquitin--proteasome system. Therefore, we investigated whether TRIM14 altered the stability of ZEB2 by affecting the ubiquitin--proteasome system. Ubiquitylation assays were carried out to determine whether TRIM14 mediates ZEB2 proteolysis via the ubiquitin pathway (Fig. [6](#Fig6){ref-type="fig"}d). We found that reducing TRIM14 expression significantly increased ZEB2 polyubiquitylation. Our results suggest that TRIM14 determines the stability of ZEB2 by mediating its proteasomal degradation via polyubiquitination. F-Box protein 45(FBXO45) function as an ubiquitin E3 ligase to regulate ZEB2 protein stability at the posttranslational level. FBXO45 play a vital role in facilitating ZEB2 ubiquitination in glioma cells. This suggests that TRIM14 have an antagonistic role to oppose FBXO45-mediated ubiquitination of ZEB2. To further validate this hypothesis, we reconstituted a regulatory system by overexpressing TRIM14 with FBXO45 or knocking down TRIM14 and FBXO45 to directly assess ZEB2 expression. As shown in Fig. [6](#Fig6){ref-type="fig"}e, TRIM14 downregulation increased ZEB2 ubiquitination, whereas FBXO45 knockdown reduced ZEB2 ubiquitination. Silencing FBXO45 alongside TRIM14 disruption attenuated the increased ZEB2 ubiquitination caused by TRIM14 inhibition. Moreover, overexpression of TRIM14 reduced ZEB2 ubiquitination, and forced expression of FBXO45 increased ZEB2 ubiquitination (Fig. [6](#Fig6){ref-type="fig"}f). Importantly, overexpression of TRIM14 together with FBXO45 abolished the increased ZEB2 ubiquitination caused by FBXO45 overexpression. Overall, these data further confirmed that TRIM14 increases the stability of ZEB2 by opposing FBXO45-mediated ubiquitination.

TRIM14 function is proved in orthotopic nude mice model and GBM specimens {#Sec19}
-------------------------------------------------------------------------

TRIM14 knockdown decreases the stability of ZEB2 and blocks glioblastoma cell invasion by mediating the proteasomal degradation of ZEB2, which was verified in LN229 and T98G cell lines. Further test should be induced in vivo. The LN229 cell transfected with shCtrl or shTRIM14 were transplanted in six pairs of orthotopic nude mice model (Fig. [7](#Fig7){ref-type="fig"}a). These findings were further confirmed by the survival curves, in which shTRIM14-transplanted xenografts exhibited significantly increased survival as compared with shCtrl-transplanted xenografts (\*\*\**p* \< 0.001, *n* = 6, Fig. [7](#Fig7){ref-type="fig"}b). Bioluminescence images revealed that significant differences in the tumour volume between LN229 cells transduced with shCtrl and those cells transduced with shTRIM14, mice bearing LN229 cells transduced with shTRIM14 displayed a significant reduction compared with xenografts transduced with shCtrl (\*\*\**p* \< 0.001, *n* = 3, Fig. [7](#Fig7){ref-type="fig"}c). HE-stained orthotopic xenograft tumors are given in Fig. [7](#Fig7){ref-type="fig"}d, cell motion was weaken in shTRIM14-transplanted groups. To explore the expression of TRIM14 and ZEB2 in the in orthotopic nude mice mode, we randomly selected four pairs mice from shCtrl-transplanted group and shCtrl-transplanted group. Western blot analysis demonstrated that TRIM14 and ZEB2 were highly expressed in shCtrl-transplanted group but showed significantly decreased expression in matched shCtrl-transplanted group (Fig. [7](#Fig7){ref-type="fig"}e). To validate the association between TRIM14 and ZEB2 in GBM patients, we performed IHC staining of these four proteins, a highly significant correlation between TRIM14 and ZEB2 was observed in these GBM specimens. Tumors with high level of TRIM14 tended to express high levels of ZEB2, whereas tumors with low level of TRIM14 tended to express low levels of ZEB2 (Fig. [7](#Fig7){ref-type="fig"}f).Fig. 7TRIM14 function was demonstrated in vivo and IHC. **a** ShCtrl-transplanted and shTRIM14-transplanted LN229 cells were counted and transplanted in orthotopic nude mice model respectively, *n* = 6. **b** Survival curve of shCtrl-transplanted or shTRIM14-transplanted intracranial xenografts. \*\*\*, *P* \< 0.001, *n* = 6. **c** Representative pseudocolour bioluminescence images of orthotopic tumours bearing control or TRIM14-depleted LN229 cells on the days as indicated. Quantification of tumor volume is shown. \*\*\**p* \< 0.001; *n* = 3 experiment. **d** The HE assay was performed to show tumor cytostructure. **e** Western blot analysis of TRIM14 and ZEB2 extracted from four pairs mice from shCtrl-transplanted group and shCtrl-transplanted group. Equal loading is confirmed by β-actin levels. **f** IHC staining of TRIM14 and ZEB2 in four representative GBM specimens

Discussion {#Sec20}
==========

The primary cause of mortality in patients with glioblastoma is metastasis, but the underlying mechanisms of tissue invasion and metastasis remain incompletely understood \[[@CR36]\]. The TRIM family, which contains more than 70 members, has been identified as being involved in the progression, transformation, autophagy, and metastasis of cancer \[[@CR37]--[@CR39]\]. TRIM14 belongs to the TRIM protein family, and has been shown to be markedly increased in human osteosarcoma tissues and cell lines and strongly associated with aggressive characteristics and poor patient outcome \[[@CR10], [@CR14], [@CR16], [@CR40], [@CR41]\]. However, the role played by TRIM14 in glioblastoma has not been completely confirmed.

Here we report the first demonstration that TRIM14 functions as a tumor invasion promoter in glioblastoma. Our findings demonstrate an increased expression levels of TRIM14 in glioblastoma, suggesting it functions as an oncogene and is involved in glioblastoma invasion. When we examined clinical glioblastoma tissues, we found that TRIM14 was upregulated in glioblastoma specimens at both the mRNA transcript and protein level. Consistent with this finding, TRIM14 expression levels were noticeably high in high-grade glioblastoma and several glioblastoma cell lines. Furthermore, functional tests showed that TRIM14 deletion significantly reduced cell invasion and migration ability. Additionally, we found this function was closely related to EMT. Deleting TRIM14 altered EMT biomarker levels: it downregulated N-cadherin and vimentin, and upregulated E-cadherin. Although the role of TRIM14 in vivo remains to be more tested in future studies, the marked impairment of wound healing and antagonism of the invasive growth of multiple glioblastoma cell lines induced by TRIM14 knockdown strongly support our hypothesis that TRIM14 promotes glioblastoma cell growth and invasion.

Zinc finger E-box binding homeobox 2 (ZEB2) is a transcription factor that regulates EMT \[[@CR34], [@CR42]\]. ZEB2 regulates cell proliferation, migration, invasion, and apoptosis in several forms of human cancer \[[@CR43]--[@CR47]\]. Importantly, ZEB2 is associated with tumorigenicity in glioblastoma \[[@CR48]\]. Our data indicate that loss of TRIM14 downregulates ZEB2 by post-translational modification but not by transcriptional regulation. Moreover, we demonstrated for the first time that loss of TRIM14 promotes ZEB2 polyubiquitination and subsequent proteasomal degradation. TRIM14-induced EMT is dependent on ZEB2 to regulate EMT-associated biomarkers. These molecular events are consistent with our observation that TRIM14 is critical in modulating invasion and migration in glioblastoma through ZEB2. However, the specific mechanism by which ZEB2 polyubiquitination is altered by TRIM14 remains to be investigated.

In conclusion, TRIM14 expression may have significant value as an indicator of unfavorable progression for glioblastoma patients. We provide compelling evidence that decreased expression of TRIM14 inhibits cell migration and invasion through effects on EMT mediated via changes in ZEB2 stability.

Conclusions {#Sec21}
===========

To the best of our knowledge, this is the first study to investigate the relationship between TRIM14 and ZEB2 in GBM, and our results shed light on that TRIM14 facilitates invasion and migration of GBM by means of delaying ZEB2 degradation. Thus, the TRIM14/ZEB2 axis was revealed an oncogenic function in GBM and this might be provided as a novel therapeutic target.
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Additional file 1:**Figure S1.** TRIM14 is overexpression in GBM and correlates with poor prognosis. (A) The expression of TRIM14 was analyzed in control brain tissues and GBM tissues of the REMBRANDT (*P* \< 0.0001, *n* = 227), GSE16011 (*P* = 0.0106, *n* = 284) and TCGA(P \< 0.0001, *n* = 594) glioblastoma datasets. (B) Kaplan--Meier curves showing the overall survival of patients with high or low expression of TRIM14 in GBM patients using the REMBRANDT(*P* = 0.0469, *n* = 227), GSE16011 (*P* = 0.0340, *n* = 284) and TCGA databases(*P* = 0.0489, *n* = 594). (TIF 528 kb) Additional file 2:**Figure S2.** TRIM14 promotes proliferation in glioma. (A) CCK-8 assay displays decreased proliferation in LN229 and U251 after silencing TRIM14. \*\*\**p* \< 0.001; *n* = 3 experiment. (B) LN229 and U251 were treated with the indicated shRNA and performed colony formation assay. Quantification of colony formation assay is shown. \*\*\**p* \< 0.001; *n* = 3 experiment. (C) CCK-8 assay displays decreased proliferation in HS683 and U87 after overexpressing TRIM14. \*\*\**p* \< 0.001; *n* = 3 experiment. (D) HS683 and U87 were treated with vector or TRIM14 and performed colony formation assay. Quantification of colony formation assay is shown. \*\*\**p* \< 0.001; *n* = 3 experiment. (TIF 2304 kb)
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